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II.  Antiproton  P roduction  

 

A.  Main  In je c tor's  ro le  

 An t iprotons (or  pbars) a re produced by bombarding a  product ion  ta rget  

with  a  h igh  energy proton  beam. The pbar  product ion  ra te is dependen t  on  

the inciden t  proton  beam energy, the desired pbar  energy, t he type and 

length  of ta rget  mater ia l and, to a  much  lesser  exten t , momentum spread. 

The collect ion  efficiency is dependen t  on  the beam spot  size  on  the ta rget , 

the gradien t  of the Lith ium Lens and the acceptance of the beamline. The 

beam spot  size a ffects  the apparen t  size of the a rea  from which  the 

secondar ies emana te from the ta rget . A smaller  proton  beam spot  resu lts in  

the cone of pbars being more densely packed together . 

  An  increase in  the proton  beam energy will resu lt  in  an  increase in  

yield, bu t  by a  dimin ish ing amoun t  a fter  a  cer ta in  energy th reshold is 

passed. The Antiproton  Source was designed for  a  pbar  beam kinet ic energy 

of 8 GeV, since tha t  is the peak Booster  energy and was the in ject ion  energy 

for  the old Main  Ring. Also, the peak in  pbar  product ion  from a  120 GeV 

proton  beam is close to 8 GeV. A h igher  energy proton  beam will increase 

pbar  yield, bu t  a  beam energy of 120 GeV is the best  compromise between  

ta rget ing efficiency, cycle t ime and design  constra in ts for  the t ranspor t  line. 

Pr ior  to its decommission ing, the Main  Ring was capable of deliver ing 120 

GeV protons with  up to a  2 second cycle t ime. The Main  In jector  was bu ilt , 

in  pa r t , to reduce the cycle t ime. Unfor tuna tely, stochast ic cooling 

limita t ions kept  the Antiproton  Source from taking advan tage of the shor ter  

cycle t imes. The Main  In jector  Design  Repor t  ca lled for  an  in tensity of 5 x 

1012 protons per  stacking cycle with  a  1.5 second cycle t ime. With  the 

implemen ta t ion  of “slip stacking”, Main  In jector  has been  able to deliver  

8E12 or  more protons per  stacking cycle. Runn ing the Main  In jector  in  

“mixed-mode”, where beam to NuMI and Pbar  a re accelera ted together , now 

limits the cycle t ime to no shor ter  than  2.2 seconds. 

 A single Booster  ba tch  comprised of 84 53 MHz bunches (there  a re 

actua lly fewer  bunches due to the Booster  extract ion  process) is accelera ted 

in  the Main  In jector  on  stacking cycles. Two Booster  ba tches a re slipped in  

t ime in  the Main  In jector  to effect ively double the number  of in jected 

protons. Radio Frequency (RF) man ipu la t ions a re performed on  the beam a t  

120 GeV, just  pr ior  to extract ion  from the Main  In jector , in  a  procedure 

known as bunch  rota t ion . Th is process, descr ibed below and shown in  figu re 
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   F igure 2.1  Main Injector  Bunch Rota t ion  

2.1, na rrows the bunches 

in  t ime a t  the expense of 

increasing the momentum 

spread ( p/p). The p/p of 

the an t iprotons is 

min imally a ffected by the 

p/p of the protons h it t ing 

the ta rget . By narrowing 

the bunches pr ior  to 

extract ing them from the 

Main  In jector , the phase 

space density of the 

an t iprotons is maximized, 

resu lt ing in  a  smaller  

p/p in  the Debuncher  

r ing a fter  bunch  rota t ion  

and momentum cooling.  

 Once the beam 

reaches fla t top in  the 

Main  In jector , the RF 

voltage is qu ickly lowered 

to 1.2 MV from its normal 

va lue of 3.5 MV by 

tu rn ing off 12 of the 18 

RF sta t ions. The RF is 

left  a t  1.2 MV for  abou t  

1.9 milliseconds while 

each  bunch  st retches in  

t ime, occupying a  la rge t ime spread and small momentum spread. The RF is 

then  qu ickly increased back to 3.5 MV. One quar t er  of a  synchrotron  

oscilla t ion  or  approximately 1.2 milliseconds la ter , the bunch  has rota ted 

90° in  phase space, reversing the t ime and momentum spread.  

 After  bunch  rota t ion , the beam is extracted from the Main  In jector  

towards the pbar  product ion  ta rget . The proton  bunches have a  small t ime 

spread and a  la rge momentum spread. The extract ion  process is comple ted 

in  a  single tu rn  by a  fast  r ise t ime kicker  loca ted a t  MI-52, wh ich  kicks beam 

in to the field region  of a  set  of th ree Lamber tson  magnets. The extracted 
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beam travels down the P1 line, con t inu ing in to the P2 line in  the Teva tron  

enclosu re a t  F0, then  follows the pa th  of the decommissioned Main  Ring to 

F17. At  F17 a  B3 magnet  and a  pa ir  of C-magnets bends the beam upward 

in to the AP-1 line. The AP-1 line exits the Teva tron  enclosu re a t  F18 and 

con t inues th rough  the Pre-Target  and Pre-Vau lt  enclosu res before reach ing 

the product ion  ta rget  in  the Target  Vau lt . A pa ir  of "Sweeping Magnets" a re 

loca ted in  AP-1 a t  the end of the Pre-Vau lt  enclosu re and a re used to 

min imize peak hea t ing in  the product ion  ta rget . A toroid, M:TOR109, is 

loca ted in  the AP-1 line in  the na rrow space between  the Sweeping Magnets 

and the Target  Vau lt  wa ll to provide a  measure of beam in tensity a t  the 

product ion  ta rget . 

 

B. Targe t Sta tion  

 The actua l product ion  and collect ion  of an t iprotons occur  in  a  specia lly 

designed vau lt  loca ted 17 feet  below the floor  of the AP0 service bu ilding. 

The Target  Sta t ion  componen ts a re hung from 6-foot  h igh  steel modu les tha t  

a re suspended in to the Vau lt . Th is a r rangement  a llows easy remova l and 

replacemen t  of fau lty componen ts and the steel provides radia t ion  sh ielding. 

The major  componen ts as seen  by the incoming proton  beam are: 

Upstream  sweep m agnets – Th is system is actua lly loca ted just  

upstream of the Target  Vau lt , in  the Pre-Vau lt  en closu re. It  was 

included here because it  is funct iona lly pa r t  of the Ta rget  Sta t ion  and 

was designed to have componen ts in  the Vau lt  it self. The Sweeping 

System has magnets tha t  produce a  rota t ing dipole field tha t  deflects 

the proton  beam in  a  rough ly cir cu la r  pa t tern  on  the ta rget  to 

min imize loca l hea t ing. Ant iproton  yield increases with  a  smaller  spot  

size down to a  beam  of abou t  0.13 mm, bu t  increases the peak 

hea t ing on  the ta rget . A proton  beam in tensity of 5E12 or  more causes 

the loss of ta rget  mater ia l a round the ou tside circumference  of the 

ta rget . The Sweeping System on ly moves the beam a  few 's, enough  

to reduce the loca l hea t ing by abou t  a  factor  of 2-3. Use of the 

Sweeping System on ly slows the ra te of ta rget  deter iora t ion , wh ich  is 

caused by a  complex combina t ion  of oxida t ion , thermal and 

mechan ica l effects. The or igina l Sweeping System design  included a  

downstream Sweeping Magnet  to crea te a  closed orbit  bump th rough  

the ta rget  vau lt . It  was to be loca ted immedia tely downs tream of the 

Lith ium Lens. The downstream Sweeping Magnet  has not  been  used 
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             F igure 2.2  Pbar  product ion t a rget  
 

opera t iona lly because of the complexity and reliability rela ted to 

runn ing the two systems synchronously. Use of the upstream system 

a lone was found to have a  min imal nega t ive impact  on  the stacking 

ra te. 

 Target S EM grid  – The Target  SEM (Secondary Emission  Monitor) 

is u sed to measure the beam posit ion  and size near  the ta rget . Cen tra l 

wires in  the SEM are on ly 0.125 mm apar t  to provide good resolu t ion  

measuremen ts of the spot  size. The SEM has motion  con trol to move 

the wires ou t  of the beam pa th  dur ing normal opera t ion . Beam 

in tensity of more than  abou t  4x10
12

 cou ld melt  the SEM wires. Even  

when  the ta rget  SEM is in  the "ou t" posit ion , the beam is on ly abou t  

5mm from the wires, so grossly mis-steered, h igh  in tensity beam cou ld  

st ill damage the wires. The SEM is under  vacuum with  a  small, 

dedica ted ion  pump providing t he pumping. 
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 Target assem bly – The Target  design  has had a  number  of 

improvements over  the years and has recen t ly gone th rough  another  

revision . The old design  was made up of a  stack of meta l ta rget  disks, 

separa ted by copper  cooling disks tha t  had a ir  blowing th rough  them  

to provide hea t  remova l from the ta rgets. In  the past , t he ta rget  has 

a lmost  a lways incorpora ted a lterna t ing ta rget  and cooling disks.  

Tungsten  ta rgets were used in  the ea r ly years of pbar  opera t ion , 

followed by ta rgets of copper , n ickel and even tua lly Inconel (a  n ickel-

iron  a lloy). Inconel was chosen  as the best  choice of ta rget  mater ia l 

because it  can  withstand h igher  st resses caused by the rapid beam 

hea t ing. Figure 2.2 shows the cross sect ion  of the old ta rget  a ssembly 

used a fter  2006, bu t  pr ior  to the new design . The new ta rget  design  is 

made of a  single cylinder  of Inconel, with  a ir  blowing th rough  a  hea t  

exchanger  incorpora ted in to the cen ter  shaft . A shell of beryllium 

provides a  cover  for  the Inconel ta rget , to reduce ta rget  oxida t ion  and 

damage. Since the ta rget  design  is st ill evolving, an  illu st ra t ion  won’t  

be ava ilable un t il the design  is fina lized. 

 The hor izon ta l ta rget  posit ion  is adjustable (D:TRX) so tha t  the 

amoun t  of ta rget  mater ia l the beam passes th rough  can  be va r ied. 

Th is distance, known as the ta rget  length , is one of the pa rameters 

tha t  determine the an t iproton  yield. The ta rget  a ssembly is rota ted so 

tha t  ta rget  damage is min imized – deplet ion  of the mater ia l is 

dist r ibu ted more un iformly th rough  the en t ire ta rget . The rota t ion  

ra te can  be va r ied, bu t  typica lly takes less than  a  minu te to complete 

a  revolu t ion . Ver t ica l motion  con trol (D:TRY) makes it  possible to 

adjust  where beam h its the ta rget  or  change the ta rget  disk in  use. 

The posit ion  of the ta rget  in  the z axis (D:TRZ), the distance between  

the ta rget  and lens, can  be adjusted to match  the diverging cone of 

secondary par t icles to the foca l length  of the Lith ium Lens. 

 Lith ium  Lens - immedia tely downstream of the ta rget  modu le is 

the Lith ium Lens modu le. The lens is designed to focus a  por t ion  of 

the 8 Gev pbars coming off of the ta rget , grea t ly reducing their  

angu la r  componen t  (as illu st ra ted in  figu re 2.3). Electr ic cu rren t  

passing th rough  the cylindr ica l lith ium conductor  produces a  

magnet ic field tha t  has st rength  approximately linea r  with  radius 

tha t  focuses the 8 GeV pbars. The Lith ium Lens has the advan tage 

over  conven t iona l quadrupoles in  tha t  it  focuses in  both  t ransverse 
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                     F igure 2.3  Pbar  Lithium Lens 

 

planes and produces an  extremely st rong magnet ic field. The main  

disadvan tage of the lens is tha t  beam passes th rough  the beryllium 

end windows and lith ium conductor , resu lt ing in  abou t  18% of the 

an t iprotons being absorbed. The beryllium and lith ium a lso cause 

some sca t ter ing of the pbar  beam, increasing the beam size . Lith ium 

was chosen  because it  is the least -dense solid conductor , wh ich  in  tu rn  

min imizes the sca t ter ing and absorpt ion .  

 The lens is con ta ined with in  a  toroida l t ransformer  and is 

designed to opera te a t  a  peak cu rren t  of 650,000A for  a  gradien t  of 

1,000 Tesla /meter  (opera t iona lly lenses a re run  a t  a  lower  gradien t  to 

prolong their  life). The t ransformer  is u sed to step up the cu rren t  

received from the power  supply (D:LNV) by a  factor  of 8 in  order  to 

ach ieve the cu rren t  requ ired. The lith ium conductor  is 15 cm long and  

2 cm in  diameter . The lens and t ransformer  a re  cooled with  a  closed 

loop cooling system. Low Conduct ivity Water  (LCW) from the closed 

system is hea t  exchanged with  ch illed wa ter . Hor izon ta l motion  

con trol is provided by a  pa ir  of eccen tr ic shafts , wh ich  can  be used to 

va ry the posit ion  and angle of the Lith ium Lens. The en t ire lens 

assembly can  a lso be moved ver t ica lly. 

 Collim ator – Th is device is u sed to reduce hea t ing and radia t ion  

damage to the Pu lsed Magnet , wh ich  is loca ted immedia tely 

downstream of the Collimator . The Collimator  is cylindr ica l in  shape 
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                     Figure 2.4  Target  Vault  Layout  

and made of copper , with  a  hole in  the middle for  the beam to pass 

th rough . Water  cooling lines a re loca ted on  the ou tside of the 

Collimator  to remove hea t  and a re connected to the Pu lsed Magnet  

wa ter  system. Use of the Collimator , designed and implemen ted 

dur ing Run  II, was in  response to reduced Pu lsed Magnet  su rviva l 

ra te as the in tensity of the pr imary beam increased. 

  Pulsed  Magnet – The Pu lsed Magnet  is a  3-degree pu lsed dipole 

tha t  is loca ted downstream of the Collimator . Its pu rpose is to select  8 

GeV nega t ively-charged secondar ies and bend them in to the AP -2 

line. The dipole was designed specifica lly for  the Target  Vau lt  and  is a  

single-tu rn , radia t ion -hardened, wa ter -cooled, 1.07 m long magnet  

with  an  aper tu re measur ing 5.1 cm hor izon ta lly by 3.5 cm ver t ica lly. 

Radia t ion  harden ing is ach ieved by using ceramic insu la t ion  between  

the magnet  steel and the single conductor  ba rs as well a s using Tor lon  

as the in su la t ing mater ia l on  the bolts  wh ich  hold the magnet  

together . The pu lsed magnet  ach ieves a  field of 1 .5 Tesla . Figure 2.4 

shows the loca t ion  of the Pu lsed Magnet  an d other  devices loca ted in  

the Target  Vau lt . 
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 Beam  dum p – Most  of the pa r t icles not  momentum and charge-

selected by the Pu lsed Magnet  a re absorbed in  the Beam Dump. The 

dump is modeled a fter  the Teva tron  abor t  dump, with  stacked steel 

and concrete and a  wa ter -cooled dump core in  the beam pa th . The 

graph ite core is encased in  an  a luminum shell tha t  con ta ins wa ter  

cooling passages. A channel th rough  the steel sh ield provides an  exit  

for  the 8 GeV nega t ive beam and a llows it  to pass in to the AP -2 line. 

The downstream end of the dump a lso con ta ins a  beam stop for  the 

AP-3 line (D:BSC925) wh ich  is a  sa fety system cr it ica l devices and is 

remotely operable. The AP-2 beam stop (D:BSC700) was or igina lly 

loca ted in  the dump, bu t  was reloca ted to the Transpor t  enclosu re to 

improve aper tu re in  the channel th rough  the dump steel. 

 


